Nemaline myopathy (NM) is the most common non-dystrophic congenital myopathy. Clinically the most important feature of NM is muscle weakness; however, the mechanisms underlying this weakness are poorly understood. Here, we studied the muscular phenotype of NM patients with a well-defined nebulin mutation (NM-NEB), using a multidisciplinary approach to study thin filament length regulation and muscle contractile performance. SDS -PAGE and western blotting revealed greatly reduced nebulin levels in skeletal muscle of NM-NEB patients, with the most prominent reduction at nebulin's N-terminal end. Muscle mechanical studies indicated 60% reduced force generating capacity of NM-NEB muscle and a leftward-shift of the force -sarcomere length relation in NM-NEB muscle fibers. This indicates that the mechanism for the force reduction is likely to include shorter and non-uniform thin filament lengths in NM-NEB muscle compared with control muscle. Immunofluorescence confocal microscopy and electron microscopy studies indicated that average thin filament length is reduced from 1.3 mm in control muscle to 0.75 mm in NM-NEB muscle. Thus, the present study is the first to show a distinct genotype-functional phenotype correlation in patients with NM due to a nebulin mutation, and provides evidence for the notion that dysregulated thin filament length contributes to muscle weakness in NM patients with nebulin mutations. Furthermore, a striking similarity between the contractile and structural phenotypes of nebulin-deficient mouse muscle and human NM-NEB muscle was observed, indicating that the nebulin knockout model is well suited for elucidating the functional basis of muscle weakness in NM and for the development of treatment strategies.
INTRODUCTION
Nemaline myopathy (NM), the most common non-dystrophic congenital myopathy in humans, is characterized at the muscle's ultrastructural level by nemaline rod-like bodies that are composed of thin filament and Z-disk proteins (1) . Clinically the most important feature is muscle weakness; however, the mechanisms underlying this weakness are poorly understood.
Six genes have been implicated in NM, all coding for thin filament proteins: ACTA1 (actin), TPM3 and TPM2 (a and b tropomyosin), TNNT1 (troponinT), CFL2 (cofilin-2) (2) and NEB (nebulin), for a review see Sanoudou and Beggs (3) . Hence, NM can be considered a thin filament myopathy. The main form of NM, likely accounting for 50% of all NM cases, results from mutations in the nebulin gene (4) . Nebulin is a giant protein (MW 800 kDa) expressed at high levels in skeletal muscle. A single nebulin molecule spans the entire thin filament with its C-terminus anchored at the Z-disk and its N-terminal region directed towards the thin filament pointed end (5) . Accordingly, nebulin can be considered as a fourth filament system of the sarcomere (after thin, thick and titin filaments, Fig. 1) . Recently, using a nebulin knockout mouse model, evidence has been presented that in the absence of nebulin, thin filaments are shorter and might vary in length depending on muscle loading (6, 7) . Thus, it has been proposed that a nebulin-independent mechanism may specify uniform (but significantly shorter) thin filament lengths in nebulin-deficient myofibrils, but that upon muscle loading nebulin is required to maintain uniform thin filament lengths (8) .
Thin filament length is an important determinant of muscle function, because the degree of overlap between thick and thin filaments determines the amount of force that a muscle develops (9) ; high overlap allows more cross-bridges to interact with the thin filament, and thus more force to be generated. In nebulin-deficient mouse muscle, the thin filaments are on average shorter than in wt skeletal muscle, thereby significantly depressing force generation (6, 7) .
Recent structural and functional studies on murine models with nebulin deficiencies (5, 6 ) stimulated us to investigate the contractile properties of myofibrils from NM patients. In particular, we studied the muscular phenotype of five NM patients with a well-defined nebulin mutation (i.e. deletion of exon 55, resulting in a partial nebulin deficiency), using a multidisciplinary approach to study thin filament length regulation and muscle contractile performance. A side-by-side comparison of NM muscle and nebulin-free mouse muscle shows remarkable phenotypic similarities, i.e. shorter and nonuniform thin filament lengths and significantly impaired force generating capacity. Thus, loss of thin filament length regulation appears to be an important contributor to muscle weakness in patients with NM that have a partial nebulin deficiency.
RESULTS

Nebulin protein levels in NM-NEB patients and controls
We studied skeletal muscle of NM patients in which a small exon relatively close to nebulin's N-terminus (exon 55) was deleted (for patient characteristics, see Table 1 ). All five patients, two brothers and three other unrelated probands, carry identical deletions as described previously (10) . We refer to these patients as NM-NEB patients. The exon 55 deletion maintains nebulin's reading frame which is consistent with western blot studies that demonstrated inclusion of nebulin's C-terminal epitopes in NM-NEB muscle extracts [see Fig. 2A (Neb-C and Neb-Ser rich)]. Interestingly, antibodies to nebulin's N-terminus were comparatively less reactive than those to nebulin's C-terminus or serine-rich domain ( Fig. 2A) . Because exon 55 is part of an actin-binding superrepeat (11 -13) , its excision is likely to cause a mismatch between nebulin and its thin filament binding sites, possibly promoting degradation of nebulin's N-terminus. Thus, the reduced immunoreactivity of nebulin's N-terminus is consistent with heightened vulnerability of nebulin's N-terminal region. To study nebulin protein levels, we used SDS -PAGE on five NM-NEB patients and four controls. As shown in Figure 2B and C, control quadriceps shows a clear nebulin band at 800 kDa, with an expression level of 0.08 + 0.01 (nebulin/myosin ratio). SDS -PAGE showed that nebulin in NM-NEB patients has a mobility that is indistinguishable from that of controls, which is expected because exon 55 represents only 4 kDa at the protein level, far below the detection limit of proteins in the (near) mega Dalton weight range. Importantly, gel analysis indicated significantly reduced nebulin levels, from 0.08 in controls to 0.01 + 0.01 (nebulin/myosin ratio) in NM-NEB muscle (Fig. 2C) . A large reduction in nebulin content has also been noted in other NM patients with nebulin mutations (14) , and might be due to an increase in nebulin's vulnerability to proteolysis that results from a lower binding affinity of mutant nebulin for the thin filament. In summary, muscle of NM-NEB patients has greatly reduced nebulin protein levels, with the most prominent reduction at nebulin's N-terminal end.
Altered force -sarcomere length relations in NM-NEB muscle suggest shorter and non-uniform thin filaments Previous work with a nebulin knockout mouse model has shown that nebulin regulates thin filament length (6,7): nebulindeficient skeletal muscle exhibited shorter thin filaments (6, 7) , that might become non-uniform in length during muscle loading (6, 8) . Because sarcomeres generate force in proportion to thick and thin filament overlap, a well-defined thin filament length is an important determinant of proper muscle function. This is illustrated by the force -sarcomere length relation, which is characterized by a force plateau at optimal filament overlap, followed by a descending limb at higher sarcomere lengths as filament overlap decreases. Shortened thin filaments will reduce thick and thin filament overlap and impair the sarcomere's force generating capacity, which is reflected by a leftward shift of the force -sarcomere length relation. In addition, no optimal overlap exists when sarcomeres contain nonuniform thin filament lengths, and the force -sarcomere length relation will not have a plateau. Hence, we studied whether the significantly reduced nebulin levels in skeletal muscle of NM-NEB patients affects thin filament length regulation, and muscle force generating capacity. We used skinned fiber preparations to determine the force-sarcomere length relations of NM-NEB and control skeletal muscle. To examine the similarity between nebulin-deficient mouse muscle and human NM-NEB muscle, we provide a side-by-side comparison of results obtained with NM-NEB muscle and data from the nebulin KO mouse model. As the KO mice typically die within 1 -2 weeks after birth most likely due to respiratory failure (6), the mice used for the present study were between 8 and 10 days old. We first determined the force -sarcomere length relation of slow-and fast-type fibers. Consistent with the clinical pathology reports on several of these biopsies, our SDS -PAGE analysis for myosin isoforms in NM-NEB muscles revealed only slowtype muscle fibers (Fig. 3A, right) , whereas control quadriceps contained both slow-type and fast-type fibers (it has not been investigated in human fibers whether force -sarcomere length relations are fiber-type dependent). Single muscle fibers were skinned and the force in response to saturating [Ca 2þ ] was determined at various sarcomere lengths. Subsequently, the fibers were typed using SDS -PAGE. The resulting force -sarcomere length relation for slow-and fast-type fibers from controls overlap, as shown in Figure 3A , indicating that force -sarcomere length relations are fiber-type independent.
Next, we obtained force -sarcomere length relations of skinned fiber preparations isolated from control as well as NM-NEB muscle. Control fibers showed a characteristic force plateau up to 2.8 mm, followed by a linear descending limb (Fig. 3B) . Thus, these functional data show that control muscle thin filaments are of a uniform and well-defined length. Note that the descending limb of control fibers intercepts the x-axis at 4.2 mm. Assuming that thick filaments are constant at 1.6 mm (15), this would suggest that thin filament length is 1.3 mm (these data are in line with thin filament lengths as determined by our IF and EM studies, see in what follows). Importantly, fibers from NM-NEB patients showed a leftward-shift of the force -sarcomere length relation, indicating shorter thin filament lengths (Fig. 3B) . Furthermore, the force plateau, characteristic for uniform thin filament lengths, was absent in NM-NEB fibers suggesting that thin filament lengths of NM-NEB muscle are not only shorter, but also nonuniform (It should be noted that in theory a force plateau could be present in NM-NEB fibers at sarcomere lengths shorter than 2.0 mm, but unfortunately at these lengths the striation pattern of the fibers became unclear, precluding the reliable determination of sarcomere length). Considering that thin filament length is an important determinant of a muscle's force generating capacity, we also plotted stress [force normalized to fiber cross-sectional area (CSA)] generated by control and NM-NEB fibers versus sarcomere length. Control fibers generated maximal stress at 2.8 mm sarcomere length, whereas NM-NEB at 2.0 mm. Importantly, maximal stress was greatly reduced (65%) in fibers from NM-NEB patients compared with control fibers (Fig. 3B, right) . The force -sarcomere length relation of NebKO muscle showed similar features as NM-NEB muscle (Fig. 3C) , and maximal stress of NebKO muscle was decreased more than 50% as well. It should be noted that, in addition to thin filament characteristics, myofibrillar disarray is expected to also contribute to the reduced maximal stress in NM-NEB patients. However, the shift in the force -sarcomere length relation and absence of a plateau is likely solely due to altered thin filament lengths. Thus, our force -sarcomere length relation data suggest that skeletal muscle of NM-NEB patients have shorter and non-uniform thin filament lengths compared with control muscle. This likely contributes to the significantly impaired force generating capacity of skeletal muscle in these patients.
Structural studies
We investigated thin filament length using immunofluorescence confocal scanning laser microscopy (IF) and electron microscopy (EM). We first localized tropomodulin, a thin filament pointed-end capping protein that has been used by others as a determinant of thin filament length (7, 16) . In control myofibrils tropomodulin staining showed a distinct doublet in the middle of the sarcomere, 2.75 + 0.01 mm apart (measured across the Z-disk, Fig. 4A ), indicating that thin filament lengths are uniform and 1.35 mm long (note that the forcesarcomere length relation yielded approximately similar thin filament length data for controls, Fig. 3B ). However, in myofibrils from NM-NEB patients tropomodulin staining revealed a single broad and indistinct band centered over the Z bands. Alpha-actinin (a Z-disk marker) staining showed regular striation patterns ( Fig. 4A and B) indicating well-organized myofibrillar structure. In NM-NEB myofibrils tropomodulin had translocated towards the Z-disk and densitometry analysis showed that this near-Z-disk zone had a width (measured at halfmaximal intensity) of 1.55 + 0.36 mm (Fig. 4A , right). These findings suggest that thin filament lengths in NM-NEB myofibrils are significantly shorter and non-uniform (because of the broad staining region). The tropomodulin staining pattern in myofibrils from NebKO mice showed striking similarity with the tropomodulin staining of NM-NEB myofibrils: absence of the doublet in the middle of the sarcomere, but instead translocation towards the Z-disk (Fig. 4B ). Note that in control and wt myofibrils the anti-tropomodulin antibody weakly stained the Z-disk. This has been observed previously in studies using this antibody (6) and is considered non-specific binding to an unknown z-disk component. In summary, in NM-NEB myofibrils the thin filament capping protein tropomodulin is translocated towards the Z-disk, suggesting shorter and non-uniform thin filament lengths.
IF studies with fluorescently labeled phalloidin (which binds filamentous actin with high affinity) were also carried out. The labeling patterns of myofibrils from NM-NEB patients and controls differed remarkably: controls showed broad actin labeling with uniform intensity (except for the Z-disk area), whereas in NM-NEB myofibrils the labeling was narrower, and intensity gradually decreased from the Z-disk towards the middle of the sarcomere (Fig. 4C) . Densitometric analysis revealed that the width at half-maximal intensity was 2.45 + 0.01 mm for controls and 1.46 + 0.11 mm for NM-NEB myofibrils (Fig. 4C, right) . Thus, in line with the tropomodulin data, our phalloidin studies indicate significant shorter and non-uniform thin filament lengths in NM-NEB myofibrils. Actin staining of NM-NEB myofibrils was similar to that of NebKO myofibrils (Fig. 4D) .
EM showed overall normal sarcomeric structure in NM-NEB myofibrils, although Z-disks appeared wider in NM-NEB myofibrils. Because a-actinin staining appeared wider as well in NM-NEB compared with control myofibrils (Fig. 4A) , and previous work revealed Z-disk widening in NebKO muscle (6), we performed Z-disk width measurements using EM micrographs. These analyses revealed that the majority of Z-disks in control myofibrils from quadriceps muscle have a width of The force -sarcomere length relation of control fibers has a characteristic force plateau followed by a descending limb. The force -sarcomere length relation of NM-NEB fibers is shifted leftward compared with control fibers, and the force plateau is absent. Right: Plotting stress (force normalized to fiber CSA) versus sarcomere length illustrates .65% reduction in stress generating capacity in NM fibers. (C) The force-sarcomere length relation of NebKO muscle is also shifted to the left (as found for NM fibers in B). Maximal stress is more than 50% reduced in NebKO compared with wt muscle. Data are based on 50 fibers per group. either 70 or 101 nm. Quadriceps is a mixed muscle type containing both slow-and fast-type muscle fibers, and it is well established that Z-disks are wider in slow-type fibers (17) . Thus, most likely the average Z-disk width in myofibrils from fast-type muscle fibers is 70 versus 100 nm for Z-disks from slow-type fibers (which is in line with previous reports) (17) . NM-NEB quadriceps expresses only slow-type muscle fibers (see Fig. 3A) ; however, Z-disk width in NM-NEB myofibrils averaged 120 nm, rather than the 100 nm found in slow-type control myofibrils. These findings are in line with the notion that when nebulin is absent or reduced, regulation of Z-disk width is compromised (6) . In addition to these changes in Z-disk width, a consistent finding was that control sarcomeres had a distinct H-zone (i.e. thin filament bare zone in the middle of the sarcomere, Fig. 5A top) , and this feature was absent in NM-NEB sarcomeres (Fig. 5A  bottom) . For these experiments sarcomeres were stretched to 2.9 mm (as in Fig. 5A ). Considering that at 2.9 mm NM-NEB sarcomeres still produce 40% of maximal force (Fig. 3B) , absence of the H-zone at this sarcomere length cannot be explained by complete loss of thin and thick filaments overlap. To verify that the number of thin filaments was not reduced in NM-NEB myofibrils (which could make it more difficult to identify a distinct H-zone), we made cross-sections and measured thin filament density near the Z-disk where the thin filaments are organized in a square-like pattern (total number of filaments represented in the measurements: 1457 for control and 1511 for NM samples, measurements performed at a sarcomere length of 2.9 mm). According to our measurements, the number of thin filaments per unit area was comparable between control and NM-NEB myofibrils (3428 + 114 versus 3262 + 111 thin filaments/mm 2 , control versus NM-NEB, respectively, P ¼ 0.3). We also performed an SDS -PAGE analysis of actin-myosin ratios and found this ratio to be reduced in NM-NEB samples relative to control fibers to 63 + 8% (n ¼ 4; P ¼ 0.03). Thus, these data support the notion that the absence of a distinct H-zone in NM-NEB sarcomeres is not caused by a reduction in the number of thin filaments in NM-NEB muscle, but rather due to thin filaments being shorter and non-uniform in length. NebKO sarcomeres showed absence of a distinct H-zone as well, again displaying great similarity with NM-NEB muscle, as shown in Figure 5B .
Finally, we labeled skinned muscle fibers with phalloidin conjugated to biotin, followed by streptavidin-coated gold beads that were silver-enhanced. Then, by measuring the distance of the silver grains to the Z-disk (see Fig. 5C bottom for schematic) and plotting results in a histogram, thin filament length can be assessed. These experiments allow thin filament length distributions to be determined with high resolution. It should be noted however, that the power of this method comes from analysis of a large number of sarcomeres. In general, data from a single sarcomere (as shown in Fig. 5C ) are not conclusive, whereas extensive analyses of many sarcomeres can reveal differences in thin filament length distributions between control and NM-NEB. Thus, by analyzing a large set of sarcomeres valuable insights can be obtained. We found that in control myofibrils, the silver grains were evenly distributed up to 1.3 mm from the Z-disk (Fig. 5D) . In contrast, grain distribution in NM-NEB myofibrils indicates that thin filaments are shorter and non-uniform in length, ranging from 0.3 to 1.3 mm (Fig. 5D ). Using this thin filament range, and assuming that all intermediate thin filament lengths are equally represented ( Fig. 5D shows that this is likely correct), we derived a predicted force-sarcomere length relation for control and NM-NEB muscle. Note that the predicted force -sarcomere length relation of NM-NEB muscle is shifted to the left, and that a force plateau is only predicted for control muscle (Fig. 5E ). Figure 5F shows the predicted force -sarcomere length relation of NebKO muscle, based on previously published phalloidin labeling patterns (6) . Importantly, the predicted force -sarcomere length relations of NM-NEB and NebKO both show striking similarity to the measured forcesarcomere length relations shown in Figure 3B and C. Thus, these results further support that thin filaments are of a welldefined length in control muscle, but are shorter and of nonuniform length in NM-NEB muscle, thereby affecting the muscle's force generating capacity.
DISCUSSION
While recent studies on nebulin-free murine myofibrils revealed impaired contractility, the pathogenesis of muscle weakness in patients with NM has remained obscure, in part because of genetic heterogeneity and difficulty in obtaining well preserved and genetically characterized biopsies. Here, we have studied patients with NM caused by a homozygous deletion of nebulin's exon 55, causing a partial knockdown of the remaining internally truncated nebulin. The side-by-side comparison of partial nebulin-deficient human myofibrils with nebulin-free murine myofibrils indicates shorter and non-uniform thin filament lengths as well as severe muscle weakness as a common phenotype.
Deletion of nebulin exon 55 in patients with NM
Nebulin is encoded by a single gene containing 183 exons in humans (18) . Approximately ninety-seven of these exons are 100-120 bp in length and code for a highly modular structure, the so-called SDXXYK-repeats (see Fig. 1B ). A total of 185 SDXXYK repeats have been identified in the human nebulin mRNA (M1 -M185); additional repeats were identified in the human and murine genomic sequences (18, 19 ). Nebulin's N-terminal modules (M1 -M8) contain binding sites for the thin filament pointed-end capping protein tropomodulin, and modules M163 through M185 are located in and near the Z-disk. The centrally located modules, M9 -M162, are each thought to represent individual actin-binding motifs, and are organized into seven-module super-repeats that match the repeat of the actin filament (see Fig. 1B ). This precise arrangement is thought to allow each nebulin module to interact with a single monomer of the actin filament (12, 13) .
Although mutations in six different genes have been implicated in NM, mutations in the nebulin gene are the most common cause of NM (4). Nebulin's large size has greatly hindered the identification of NM-causative mutations in the nebulin gene. Although to date many of the human NEB mutations are predicted to introduce nonsense codons or frame shifts (20) , there are no proven 'nebulin null' patients, and this situation may in fact be a lethal condition in humans. Instead, virtually all NM patients appear to produce at least some truncated or internally deleted nebulin molecules, presumably due to an extensive and complex pattern of alternative splicing (4, 21) . Recently the first large NM-causing nebulin mutation has been discovered, i.e. deletion of exon 55 (carrier frequency 1 in 108 among Ashkenazi Jews) (22) . Nebulin exon 55 codes for 35 amino acids that are part of modules M69 and M70 of the ninth super-repeat (Fig. 1B) . This in-frame deletion of exon 55 likely causes a mismatch between nebulin and its actin binding sites, thereby reducing binding between nebulin and the thin filament. This has been speculated to increase nebulin's vulnerability to proteolysis (22) . Indeed, our gel electrophoresis studies indicate an approximately 8-fold reduction of nebulin protein levels in skeletal muscle of NM-NEB patients. Furthermore, our western blot studies suggest that the reduced nebulin level is most prominent at nebulin's N-terminal end. We speculate that this is due to exon 55 being in closer proximity to nebulin's Nterminus than to its C-terminal end.
Deletion of nebulin exon 55 dysregulates thin filament length control and causes muscle fiber weakness in patients with NM
A hallmark feature of patients with NM is muscle weakness, greatly affecting daily life-activities and negatively impacting the quality of life (23). At the muscle structure level, NM is characterized by myofibrillar disarray originating from the Z-disk and culminating in nemaline rods, which consist of thin filament and Z-disk proteins (1, 3, 23) . Importantly, the number of nemaline rods in muscle biopsies does not correlate with the muscle weakness observed in patients with NM (24, 25) . This suggests that myofibrillar disarray and nemaline rods are a secondary phenomenon and are not the sole contributors to the muscle weakness associated with NM. Our data provide evidence for the notion that reduced nebulin expression contributes to muscle weakness in NM-NEB patients, through loss of thin filament length regulation.
In skeletal muscle, thin filament lengths are fine tuned at 1.1 -1.3 mm (depending on species and muscle type) (8) to overlap with thick filaments and to meet the muscle's physiological requirements (8, 26) . The extent of overlap between thick and thin filaments determines the sarcomere's force generating capacity: short thin-filaments reduce overlap and impair force generation. Thus, thin filament length is a key aspect of muscle function. Since length is not an intrinsic property of actin filaments (actin monomers assemble in vitro and in vivo to many allowed polymer lengths) (27) , their lengths are likely to be specified by an actin binding protein. Recent work indicates that nebulin acts as a ruler molecule that regulates thin filament length in skeletal muscle (6, 7) . This finding prompted us to examine the role of thin filament length regulation in the pathophysiology of muscle weakness in patients with NM due to nebulin mutations. First, functional studies revealed dramatic loss of force generating capacity in fibers from NM-NEB patients with nebulin exon 55 deletion (Fig. 3B, right) . It is well established that muscle fibers from patients with NM undergo atrophy (25) resulting in fibers with smaller CSA, negatively impacting force production. Thus, an important finding of the present study was that force generation, even when normalized to fiber CSA, was more than 65% reduced in NM-NEB compared with controls. This suggests that intrinsic abnormalities at the myofilament level significantly contribute to muscle weakness in NM-NEB. To examine whether loss of thin filament length control is involved, we determined forcesarcomere length relations and found a leftward shift of the force -sarcomere length relation in skinned muscle fibers from NM-NEB patients (Fig. 3B) , indeed indicating shorter thin filaments. Furthermore, the force plateau that is characteristic for uniform thin filament lengths (see Fig. 3B , control fibers), is absent in NM-NEB muscle fibers, suggesting that resulting thin filaments are not only shorter, but also nonuniform in length. A role for reduced thin filament length in NM-associated muscle weakness was further supported by electron microscopy studies with the actin-binding protein phalloidin. From these studies we derived the range of thin filament lengths present in control and NM-NEB myofibrils (Fig. 5B) , which allowed us to predict the force-sarcomere length relation for control and NM fibers. As shown in Figure 5B , the predicted force -sarcomere length relation for NM-NEB muscle fibers shows remarkable resemblance with the measured force -sarcomere length relation (Fig. 3B) . Furthermore, the thin filament length distribution present in control and NM-NEB myofibrils allowed us to predict to what extent thin filament length changes in NM-NEB myofibrils contribute to muscle weakness in these patients. We calculated thin -thick filament overlap in NM-NEB and control myofibrils at a sarcomere length of 2.2 mm assuming that thin filament lengths in NM-NEB myofibrils range from 0.3 to 1.3 mm and are a constant 1.3 mm in controls (Fig. 5D ). According to this calculation thin filament length reduction is predicted to reduce thick -thin filament overlap, and thus force production, by 37% in NM-NEB myofibrils, which is about half of the total force reduction of 65% (Fig. 3B) . Thus, the combination of our functional, ultrastructural and immunofluorescence studies, all support that average thin filament length is reduced from 1.3 mm in control muscle to 0.75 mm in muscle from NM patients with nebulin exon 55 deletion, significantly contributing to the muscle weakness observed in these patients.
Studies with nebulin-deficient skeletal muscle show striking similarity with NM-NEB muscle
The combination of studies on muscle fibers from NM-NEB patients, and nebulin-deficient mouse muscle provided us with a unique tool to test whether the functional and structural alterations observed in NM fibers are a direct effect of nebulindeficiency or a secondary myopathic effect. As shown in Figures 3 -5 , the functional characteristics and (ultra)structure of fibers from NM-NEB patients show striking similarity with those of nebulin-deficient mouse fibers. As suggested previously (6, 7) , and confirmed by our extended studies on contractile function, nebulin-deficient mouse muscle displays .50% reduced maximal force generating capacity (normalized to fiber CSA) compared with wt muscle, accompanied by a leftward shift of the force -sarcomere length relationship. The structural studies on nebulin-deficient mouse muscle support these findings and suggest a reduction of thin filament length from 1.2 mm in wt muscle to an average of 0.85 mm in nebulin-deficient muscle. It should be noted that the NebKO mice are growth retarded at the age of 8 -10 days after birth (6). Although we cannot rule out that growth retardation contributes to the thin filament length changes found in nebulindeficient muscle, so far no data are available suggesting that thin filaments become longer and more uniform in length during muscle development. Thus, the marked similarity between the phenotypes of nebulin-deficient mouse muscle and NM-NEB muscle supports an important role for nebulin and loss of thin filament length regulation in the pathogenesis of muscle weakness in these patients.
Clinical relevance
Although muscle weakness is considered a hallmark feature of NM, its pathogenesis is poorly understood. The present study is the first to show a distinct genotype-functional phenotype correlation in patients with NM due to a nebulin mutation, and provides evidence for the notion that dysregulated thin filament length is an important contributor to muscle weakness in NM patients with nebulin mutations. Considering that nebulin mutations are the main cause of NM, these findings provide important insight into the pathophysiology of muscle weakness in NM patients.
Based on the present study, we expect that in patients with NM due to nebulin mutations muscle weakness is predominant at longer muscle lengths. In line with this expectation, previous work examining the force -knee -angle relation of quadriceps muscle during in vivo muscle contractions in patients with NM revealed that quadriceps muscle weakness was most prominent at higher knee flexion angles, i.e. at longer muscle lengths (28) . Unfortunately, the disease causing gene mutations in these patients were not known. However, since nebulin mutations account for 50% of NM cases, it is likely that at least some of the examined patients harbored nebulin mutations. Insights in the effect of shorter thin filaments on force production can only be fully evaluated by knowing the in vivo sarcomere length range of control and NM patients with nebulin mutations and future studies should be directed at establishing this range. Although speculative, one mechanism by which muscle weakness induced by thin filament length changes in NM patients might be alleviated could be by having muscles operate at shorter sarcomere lengths (by increasing the number of sarcomeres in series), and thereby increasing thin-thick filament overlap.
So far, there has been a lack of treatment regimens that counteract NM-associated muscle weakness, mainly due to a poor understanding of its pathophysiology. Thus, more research is needed to elucidate the muscle contractile phenotype of NM patients with different gene mutations. Knowledge of genotypefunctional phenotype correlations could open therapeutic windows for treatment regimens specified to the gene mutation involved.
MATERIALS AND METHODS
Muscle biopsies from NM patients
Surgically obtained skeletal muscle specimens, remaining from diagnostic procedures or obtained during clinically indicated surgical procedures, were collected from five NM and four unaffected control patients following informed consent supervised by the Children's Hospital Boston IRB, and stored frozen and unfixed at 2808C until use (Table 1 ). All five Ashkenazi Jewish NM patients with deletion of NEB exon 55 have been reported previously and have been shown to carry identical homozygous deletion mutations as determined by both deletion and haplotype analysis (10) .
Western blotting and gel electrophoresis
For nebulin expression, muscle samples were homogenized and analyzed on 2.6 -7% SDS -acrylamide gels (29) . Gels were scanned and analyzed with One-D scan EX (Scanalytics Inc., Rockville, MD, USA) software. The integrated optical density of nebulin and myosin heavy chain (MHC) was determined. For western blot analysis of nebulin epitopes, antibodies against nebulin N-terminus, nebulin C-terminus and nebulin serine-rich domain were used (6) . For myosin heavy chain isoform composition, skeletal muscles were denatured by boiling for 2 min. The stacking gel contained a 4% acrylamide concentration (pH 6.7), and the separating gel contained 7% acrylamide (pH 8.7) with 30% glycerol (v/v). The gels were run for 24 h at 158C and a constant voltage of 275V. Finally, the gels were silver-stained, scanned and analyzed with One-D scan EX software. For myosin heavy chain isoform composition of single fibers used for muscle mechanics, fibers were detached from the force transducer and servo-motor and processed as described earlier.
Muscle contractility experiments
The procedures for skinned muscle contractility were as described previously (30, 31) , with minor modifications. In short, small strips dissected from muscle biopsies were skinned overnight at 48C in relaxing solution (in mM; 20 BES, 10 EGTA, 6.56 MgCl 2, 5.88 NaATP, 1 DTT, 46.35 K-propionate, 15 creatine phosphate, pH 7.0 at 208C) containing 1% (v/v) Triton X-100. The skinning procedure renders the membranous structures in the muscle fibers permeable, which enables activation of the myofilaments with exogenous Ca 2þ . Preparations were washed thoroughly with relaxing solution and stored in 50% glycerol/relaxing solution at 2208C. Small muscle bundles (diameter 0.07 mm) were dissected from the skinned strips, and were attached to a strain gauge and a high-speed motor using aluminium foil clips. Experiments were performed at 208C. The XY (width) and XZ (depth, using a prism) bundle diameters were measured with a Â40 objective. The muscle bundle CSA was calculated from the average of three width and depth measurements made along the length of the muscle bundle. The preparation was activated at pCa 4.5 to obtain maximal Ca 2þ -activated force. Maximal stress was determined by dividing the force generated at pCa 4.5 by CSA. To determine force-sarcomere length relations, the maximal force generated at various sarcomere lengths was determined. Sarcomere length was measured with an online laser-diffraction system (32) .
Immunofluorescence confocal scanning laser microscopy and electron microscopy Small strips were dissected from the biopsies and skinned overnight at 48C in relaxing solution (in mM; 20 BES, 10 EGTA, 6.56 MgCl 2, 5.88 NaATP, 1 DTT, 46.35 K-propionate, 15 creatine phosphate, pH 7.0 at 208C) containing 1% (v/v) Triton X-100. Immuno-labeling and confocal scanning laser microscopy was performed essentially as described previously (6) . Primary antibodies: anti-a-actinin (mouse monoclonal, A7811, Sigma-Aldrich), anti-tropomodulin-1 (6) and Alexa Fluor 488 conjugated phalloidin (A12379, Invitrogen). Secondary antibodies: Alexa Fluor 594 (goat anti-mouse, Invitrogen) and Alexa Fluor 488 (goat anti-rabbit, Invitrogen). Secondary antibodies did not stain when used without primary antibodies (data not shown). Images were produced using a Bio-Rad MRC 1024 confocal laser scanning microscope using the Laser-SHARP 2000 software package (Hercules, CA, USA). From the acquired images, thin filament lengths were determined using ImageJ software (National Institutes of Health).
For electron microscopy, small muscle bundles were dissected, and skinned overnight as described earlier. Subsequently, skinned bundles were fixed in 3.7% paraformaldehyde, and labeled overnight with phalloidin-biotin (B7474, biotin-XX phalloidin, Invitrogen), followed by streptavidin-nanogold (#2016, nanogold streptavidin conjugate, Nanoprobes), silver enhancement as per instructions with Nanogold HQ silver kitfixing and embedding. EM was performed as previously described (6) . For determination of thin filament density, fibers were crosssectioned (75 nm thick sections stained with uranyl acetate and lead citrate) and then longitudinally for sarcomere length measurements.
Nebulin knockout mouse model
The nebulin knockout mouse model has been described previously (6) . In brief, destruction of the TATA motif and murine nebulin exon 1 including the start ATG was achieved by homologous recombination. Three mouse lines were raised from independent ES-cell clones. KO mice typically die within 10 days after birth due to severe muscle weakness resulting in respiratory failure and mice used for the present study were between 8 and 10 days old. All animal experiments were approved by IACUC and followed the NIH Guidelines 'Using Animals in Intramural Research' for animal use. Protein analysis studies, muscle contractile performance studies, immunofluorescence studies and electron microscopy studies were performed as described earlier.
Statistical analysis
The data are presented as means+SEM. Statistical analyses were performed by t-test; P , 0.05 was considered statistically significant.
